Introduction
Dental implants are biocompatible screw-like titanium 'fixtures' that are surgically placed into a jawbone to replace missing teeth. The process of implantation requires an optimum stress profile in order to maintain a strong and healthy jawbone: a stress which is too high may cause irreversible damage to the jawbone; one that is too low may fail to stimulate the jawbone sufficiently for satisfactory healing of the wound and thus, for osseointegration. Implants are expected to function for a life-long period. Without the correct implantation technique an implant may fail shortly after insertion. The method by which the implant is placed into the jawbone plays a vital role for it to be biologically accepted by the surrounding jawbone. Clinical observations have indicated that there is a direct relationship between the insertion torque, the insertion speed and the success rate of implantation (Ottoni et al. 2005) . The focus of this paper is on the stress profile produced within both the cortical and cancellous bone under an assumed method of implant insertion.
The FEM is becoming more widely used to advance dental technologies (DeTolla et al. 2000 , Geng et al. 2001 . The FEM has been applied to many aspects of dental implantology, including implant and jawbone properties as well as the implant/bone interface (Menicucci et al. 2002 , Canay et al. 1996 , Meijer et al. 1993 , Rieger et al. 1990 , O'Mahony et al. 2000 , Zarone et al. 2003 , Patra et al. 1998 ). However, no published finite element study is found to investigate the stress profile within the jawbone during the implantation process itself. It is essential for the dentist's to have a thorough understanding of the stress profile within the jawbone to guarantee a successful implantation. In this study, Strand7 (Strand7 Pty Ltd 2004) finite element analysis (FEA) system is adopted to model and analyse the implantation process in a step-wise manner.
Various factors play a role in achieving the ideal implantation process. These include the torque applied to the implant, the insertion speed, the preparation of the site prior to insertion and the clinical health of the patient. A study of 23 patients by Ottoni et al. (2005) , found that of 10 implants which failed, 9 had been placed with an insertion torque of 20 Ncm. It was concluded that the survival rate was independent of implant length, site position, and bone quality and quantity. It was also concluded that to achieve osseointegration, the insertion torque must exceed 32 Ncm. Schmid et al. (2002) found that 80% of the highest applied torque is used during the final few turns in the implantation process. It was also found that 15-20% of the highest applied torque is used at the initial stages of implantation. The ultimate aim during implantation is to ensure that the bone in particular cancellous does not exhibit traumatic fracturing. This implies that an ideal stress level within the cancellous bone should be maintained during and after implantation to ensure optimum wound healing. Published literature (Rieger et al. 1990 , O'Mahony et al. 2000 indicated that a stress level between 250psi (1.72 MPa) and 400psi (2.76 MPa) within the surrounding cancellous bone is ideal for bone growth. This stress level is used as a reference to evaluate the results obtained in this study.
The physical health of the patient also influences the success rate of the implant. A strong bone structure and healthy soft tissues are required. If the patient suffers from a systemic disease, the success rate for implants decreases dramatically. Other less obvious factors which might influence the success of the implantation process include the effect of anxiety experienced by the patient caused by the anticipation of pain during implant insertion. Some researchers (Eli et al. 1997 , Brand et al. 1995 , Soh & Yu 1992 , Wong & Lytle 1991 stated that implant insertion is one of the most stressful and anxiety-provoking procedures in dentistry. Although the success or failure of implantation is affected by a number of factors, the present study focuses on the mechanical process of insertion and its effect on the stress profile within the mandible.
Materials and Methods
Replicating a realistic implantation process through the use of FEM is the main objective of this paper. This objective is addressed by firstly constructing a three dimensional (3D) model of the implant itself, followed by those for the cortical and cancellous bone. Figures 1 a) and b) show the implant model consisting of 2404 brick elements and 3912 nodes. The implant is cylindrical without taperage and is parallel threaded with 1mm pitch thread.
Figures 2 a) and b) show the dimensions for the jawbone section used in this analysis. The dimensions are based on CT scanned images of a posterior section of the mandible. The cortical bone has a set thickness of 1.3mm (O'Mahony et al. 2001) , with 1940 brick elements and 4280 nodes. The cancellous bone has 14078 brick elements and 25312 nodes. The total numbers of elements and nodes, for the entire implant and mandible model when the implant is fully inserted, are 18422 and 33504 respectively.
The jawbone and implant are very complex structures in real life. Compared to the existing studies, the present study has increased complexity in its finite element model in that the total numbers of elements and nodes are more than doubled than those used in previous studies, for example, by Lewinstein et al. (1995) .
An important criteria for simulating a realistic implantation technique is the loading and boundary conditions, in other words, the applied torque and restraints. Figures 3 a) , b) and c) show the time dependant torque that is positioned at the top of the implant and the fixed constraints in the distal direction. The torque is replicated by applying four concentrated tangential forces, as shown in Figure 3 b) . Details of the time dependant torque are discussed further in Section 3. The material properties of implant and jawbone used in this study are shown in Table 1 . The implant properties are determined based on the commonly used values for titanium (Young's modulus of 110 GPa and Poisson's ratio of 0.3), as suggested by Papavasiliou et al. (1997) , Pierrisnard et al. (2002) , Patra et al. (1998) , Canay et al. (1996) , Meijer et al. (1993) , Zarone et al. (2003) , Lewinstein et al. (1995) and Menicucci et al. (2002) . The Young's modulus of jawbone as documented in previous literature (Table 2 ) has shown to range from 7.5 MPa to 20 MPa. In this study, the average values of Young's moduli of cortical and cancellous bone are taken (see Table 1 ).
'[Insert Tables 1 and 2 about here]'
Unlike previous FEA, non-linear material properties are assumed in this study for the cortical and cancellous bones. It is expected that the cortical and cancellous bone would both exceed their respective maximum yield stress during the implantation process, hence the material properties are defined up to the point of fracture (Figures 4 a) and b) for cortical and cancellous bone, respectively). (Burstein et al. 1976) .
Theoretically the bone is expected to exceed a specified yield point when the implant is cutting through the bone during insertion. The relationship between the amount of fractured bone and the percentage of osseointegration is still unknown. For the purpose of this study it is assumed that the thickness of the blood and bone fragments is 0.5mm filling around the implant threads ( Figure 5 ). The dimensions and location of the interface, which consists of blood and bone fragments, plays an important role in the stress profile within both the cortical and cancellous bone. It is assumed that, at each stage of insertion, the bottom two threads of the implant cut the bone so that the remaining upper threads come in contact with the blood and bone interface. During implant insertion, the stresses along the lines V-V for cancellous bone (Figure 6 a) ) and H-H for cortical bone (Figure 6 b) ) play a vital role in the success of the implantation. Hence the von Mises stresses along these lines are recorded under increased torque applied to the top of the implant. 
Simulation Technique
The expertise of the researchers themselves, along with significant input from both dental and engineering disciplines was utilised in planning the present work. The initial question asked included how to dynamically replicate the process by which the implant is screwed into the jawbone. Ideally the insertion process should be modelled as a continuous one. However, modelling difficulties such as auto re-meshing would have been encountered if a continuous process was to be modelled. Hence a simplified modelling approach is proposed in this study. A series of finite element models are constructed and simulated to replicate the implantation process in a step-wise manner. In other words, an individual model is constructed for each new insertion depth of implant. Each model differs from the preceding one by the fact that the implant is inserted 1mm deeper into the jawbone. As the implant is 11mm long, there are eleven different models to be analysed. When the implantation process is initiated the implant is assumed to be inserted 0.5mm into the cortical bone thus replicating the implant tip being pushed slightly into the top surface of bone prior to the application of any torque. As the depth of the implant into the jawbone increases, the area of blood and bone interface also increases which drastically alters the stress profile within the jawbone.
For each of the eleven models, the time periods for each level of the applied torque must be defined (as shown in Figure 7 ). Setting the correct torque for each time period is difficult because during manual implantation the torque at one specific time is distinct for each implant specialist. The specialist has his/her own opinion and judgement in regard to how much torque to be applied to different bone qualities. The torque over a set period of time as presented in Figure 7 is based on the recommendations given by a number of implant specialists. Due to the fact that a time dependant torque is applied to each one of the eleven models, a nonlinear transient dynamic analysis must be performed. In these analyses, the material nonlinearity is also taken into account according to the stress-strain relationship shown in Figure 4 . Figure 7 indicates that the torque applied to the top of the implant increases rapidly from 0 to 450 Nmm during the first 7 seconds (3mm implant insertion into the jawbone). The torque then remains constant at 450 Nmm up to 23 seconds (7mm implant insertion). During the final 12 seconds of the implantation process the torque increases up to a maximum of 1000 Nmm. The characteristics of the torque vs. time graph can be explained from both theoretical and clinical points of view. As the implant is being screwed into the jawbone, the surface area contact between the implant and surrounding bone increases leading to a higher degree of resistance to the implant entering the jawbone, thus a larger level of torque is required to insert the implant at a constant speed. Findings by Schmid et al. (2002) confirm the characteristics of the torque vs. time relationship in that the highest applied torque is used during the final few turns in the implantation process. The assumed torque vs. time relationship is also supported by Ottoni et al. (2005) who stated that in order to achieve osseointegration the level of applied torque must exceed 320 Nmm, hence the torque used in this analysis allows for the optimum osseointegration to occur.
Results
The recorded stress profile within both cortical and cancellous bone during the implantation process is discussed in this section. The stress profiles along the lines V-V and H-H ( Figure 6 ) are plotted for each insertion stage.
Stress profile in cancellous bone
The von Mises stresses at highlighted nodal points along line V-V (see For all insertion depths, it is evident that when the torque increases the stress level also increases. From the time period 0.5 to 2 seconds, as shown in Figure 8 a) , the magnitude of the stress has a maximum variation of 0.4 MPa. It can be seen that the stress profile peeks at the top point along the line V-V. The peek in stress is due to the fact that the implant is only inserted 0.5mm into the cortical bone. This also causes relatively low stress in cancellous bone as the implant is not in direct contact with the cancellous bone. At this stage the only stress that is experienced by the cancellous bone is transferred through its contact with the cortical bone.
From the time period 2.5 to 5 seconds (Figure 8 b) ) the stress profile experienced an immediate increase in magnitude. The first thread from the base of the implant is in contact with the cancellous bone and the second up, is in contact with the cortical bone. The stress profile indicates a slight peak at 0.5mm along the line V-V, this peak is due to the bottom thread having only a point contact with the cancellous bone thus causing a stress concentration. As the applied torque increases with time an elevation in the stress level is observed. Figure 8 c) shows the stress profile from 5.5 to 8 seconds, in general the stress magnitude doubles compared to the preceding step. The implant is inserted 2mm into the jawbone and the cancellous bone is in direct contact with the bottom two threads of the implant instead of only the bottom one as in the previous stage. The increase in stress magnitude is also due to the fact that the first layer of interfacial blood and bone fragments has formed just after the second to bottom implant thread. The interface is in contact with the cortical bone, where a stress reduction is expected.
The stress distributions for time steps 8.5 to 11 seconds, 11.5 to 14 seconds, 14.5 to 17 seconds, 17.5 to 20 seconds and 20.5 to 23 seconds are shown in Figure 8 d) . These stages are combined because the applied torque remains constant between 8.5 and 23 seconds. For each set of time steps the implant insertion depth increases by 1mm into the jawbone. For all the stress profiles shown in Figure 8 d ) the stress peaks occur due to the cancellous bone being in direct contact with the implant threads. The stress level along the line V-V increases as the applied torque is increased.
The stress profile produced from time 23.5 to 26 seconds (Figure 8 e) ) has distinctive stress peaks at the locations corresponding to both bottom and the upper part of the thread. The magnitude of the stress remains relatively in the same range as the previous time period, shown in Figure 8 d) .
The stress profile recorded form 26.5 to 29 seconds (Figure 8 f) ) has many similar characteristics to that of the previous insertion stage. The only major difference is that the stress peak caused by the bottom thread shifts further down towards the base of line V-V. Although the stress profile, from 29.5 to 33 seconds (Figure 8 g) ), also shows a similar characteristic, the stress level slightly reduces. The increase in surface area contact between the cancellous bone and implant is the cause for the reduction in stress level.
Figure 8 h) shows the stress distribution at the final insertion stage. There is a larger variation in the stress level at different times. The contact area between the implant and cancellous bone increases but more importantly the cortical bone is in direct contact with the implant hence reducing the stress within the cancellous bone. Rieger et al.(1990) and O'Mahony et al. (2000) suggested that a stress level between 1.72 MPa and 2.76 MPa within the cancellous bone is ideal for healthy bone growth. The stress levels recorded from 0.5 to 5 seconds is below 1.76 MPa, and from 5.5 to 36 seconds a large percentage of the recorded stress levels fall between 1.72 and 2.76 MPa. However, various stress peaks occurring at lower and upper thread levels exceed 2.76 MPa. To achieve desirable stress levels leading to optimum osseointegration, the magnitude of the time dependant torque must be properly controlled.
Stress profile in cortical bone
The stress profiles within the cortical bone for all of the eleven insertion stages are shown in Figure 9 . The von Mises stresses are recorded at highlighted nodal points along the line H-H (see Figure 6 b) ). The stress contour for each insertion stage is presented below the corresponding stress distribution plot. Note that Figure  9 d) shows the stress profiles between 11 and 20.5 seconds under the constant applied torque. This time period corresponds to the insertion depth 3-7mm. Note also that the stress contour presented in Figure 9 d ) is for the insertion depth of 7mm only. With reference to Figure 9 a) for the time period between 0.5 and 2 seconds, the maximum stress magnitude occurring adjacent to the implant increases from 5 to 20 MPa. However, the stress magnitude decreases significantly to below 2 MPa at increased distance away from the implant neck.
For time period between 2.5 and 5 seconds (Figure 9 b) ), the stress at the neck decreases to a range of 5 to 8 MPa when compared to stage one. A possible cause is that the force exerted through the implant is shared between the cortical and cancellous bone hence reducing the stress in the vicinity of the implant thread. This in turn causes the stress to peak at 1mm distance away from the implant. Note also that, at this stage, no interfacial blood and bone fragments are formed between the bones and the implant.
From time 5.5 to 8 seconds (Figure 9 c) ) the stress profile has similar characteristics to the previous stage. A blood and bone interface formed above the second implant thread, leading to a stress increase at the contact between the implant thread and the cortical bone. Figure 9 d) shows the stress distribution for time periods between 8.5 and 11, 11.5 and 14, 14.5 and 17, 17.5 and 20, 20.5 and 23 seconds. The characteristics of the stress profile are different from the previous insertion stages. This is due to the fact that the cancellous bone has increased contact with the blood and bone interface. The maximum stress between 23 and 30 MPa is reached at the implant neck, which is nearly doubled when compared to the previous stage.
The stress profiles shown in Figures 9 e) , f) and g) are very similar to those shown in Figure 9 d) , apart from the fact that the variation in the stress profiles becomes insignificant. It is noted that the maximum stress adjacent to the implant neck increases with time and insertion depth.
At the final two insertion stages (10mm and 11mm) shown in Figures 9 g ) and h), the implant neck is in direct contact with the cortical bone where no blood and bone interface is present. Hence the stress next to the implant neck reaches the maximum (ie. about 40 MPa).
Stress profiles at specific locations in cancellous and cortical bone
The recorded stress profiles discussed in the preceding sections are related to the stress magnitude along the line V-V or H-H. However, recording the stress at specific brick elements, B CAN and B COR , for both cancellous and cortical bone respectively is equally important because it can offer a better understanding of the stress experienced by a specific region of bone. The brick elements are located as shown in Figure 10 The von Mises stress at location B CAN is shown in Figure 11 during the time period between 0 and 36 seconds. Note that the insertion depths are also indicated in the figure. The stress profile during the entire insertion process is described in detail in Table 3 . '[Insert Table 3 about here]'
The von Mises stress recorded at B COR is presented in Figure 12 , from 0 to 36 seconds. Again the insertion depths are indicated for the eleven time periods. The descriptions of the stress profile at B COR are detailed in Table 4 . '[Insert Table 4 about here]'
Discussion
The finite element method (FEM) has been used extensively to predict the biomechanical performance of various dental implant designs as well as the effect of clinical factors on the success of an implantation. It has been identified that the principal difficulty in simulating the mechanical behaviour of a dental implant is the modelling of the living human bone tissue and its response to applied mechanical forces. Research has been conducted on the length, diameter and shape of implants as well as the biomechanical bond formed between the implant and the jawbone. An in-depth understanding of the stress profiles experienced by the implant and more importantly within the surrounding jawbone can be gained through the use of the FEM.
The analysis undertaken in this paper is to replicate the implantation process in a step-wise manner, with the objective of advancing the current understanding of the stress characteristics within the mandible. The stresses predicted in both the cancellous and cortical bone are discussed in some detail. Stress characteristics for the cancellous bone included elevated stress levels at the top and bottom of the line V-V. Stress transferred through the contact between the cancellous and cortical bone could be a possible explanation for the high stress levels at the top of the cancellous bone. Another factor which might have led to elevated stress levels at the top of the line V-V is the fact that a greater moment is exerted at the implant entrance into the cortical bone. The cortical bone experienced a maximum stress adjacent to the implant neck which increased with time and insertion depth. At the base of the implant a high stress level is due to the fact that the implant is in direct contact with the cancellous bone with no blood and bone interface. The stress distributions examined in this study offers some insight into the performance of the cancellous and cortical bone during the implantation process. An important factor to consider in order to improve the insertion technique is the insertion torque and the duration of application. The optimum insertion torque and the set time periods for each level of torque applied are the controlling factors that would help produce ideal stresses within the jawbone throughout the entire implantation process. The outcome of this study will assist the clinician to perform a patient specific implant treatment in a more quality-controlled manner.
Conclusion
A simplified and efficient 3D modelling procedure is proposed in this study to examine the stress characteristics within the mandible during the implantation process. The study takes into account the realistic geometry, material properties, loading and support conditions for both implant and jawbone as well as the biomechanical implant-jawbone interface. A major modelling and simulation assumption made in this study is that the implantation process is simulated in a step-wised manner instead of a continuous process. This assumption is primarily related to the software capabilities. It should be noted that this research is a pilot study aiming to offer an initial understanding of the complicated stress distribution characteristics due to the increasing time-dependant torque.
Future work includes the variation of the torque applied during the implantation process. The magnitude of applied torque and the duration of its application drastically influence the stress level which in turn affects the outcome of implantation. Based on the initial data obtained in this study, more sophisticated software should be used in order to simulate the full dynamical process of implantation.
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Appendix

Tables
The bottom thread comes into direct contact with the cancellous bone leading to a sudden increase in the stress. 2
The stress increases remarkably and more rapidly at this stage because the cancellous bone is in contact with the bottom two threads without the blood and bone interface. However the cortical bone comes into contact with the interface hence increasing the stress within the cancellous bone.
-7
The torque is constant which leads to no change in the stress level for each insertion depth. More surface area contact between the implant and cancellous bone leads to a gradual decrease in the stress level for each stage of insertion. 8 -9
The combination of an increased torque and surface area contact between the implant and cancellous bone are responsible for the increase in stress levels. 10
Initially at 669 Nmm torque a decrease in stress occurs due to the fact that the cortical bone comes into contact with the implant neck thus increasing the stress in the cortical bone whereas reducing that in the cancellous bone. 11
Finally a further decrease in stress is observed at this stage because the cortical bone absorbs a higher stress. A decrease in stress from 9mm to 11mm of insertion is due to the fact that more implant surface area is in direct contact with cancellous bone. Stress shows a reduction due to the fact that some stresses are transferred to the cancellous bone. A gradual increase in stress is due to the increase in implant surface area which is in contact with the cortical bone. 2
The cortical bone is in contact with the interfacial blood and bone, however there is a stress concentration at the tip of the implant thread. Again the stress increases quite rapidly.
The results are similar to those recorded in the cancellous bone. The torque remains constant between 3 and 7mm insertion which leads to no change in the stress levels for each insertion depth. More surface area contact between the implant and cancellous/cortical bone leads to a step-wise decrease in stress within the cortical bone. 8 -9
The increased torque is responsible for the increase in stress levels. 10
The increase in stress is due to the implant neck being in direct contact with the cortical bone. 11
At 833 Nmm torque, the cancellous and cortical bone shares the stress, thus a decrease in stress can be seen for both bones. The stress values increase dramatically during this final stage of insertion due to the cortical bone being the strongest and thus carrying the majority of the moment exerted through the implant.
